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Evidence for possible shape transitions in neutron-rich Ru isotopes: Spectroscopy of 109,110,111,112Ru
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The spectroscopy of neutron-rich 109,110,111,112Ru nuclei was studied by measuring the prompt γ rays that
originate from fission fragments, produced by the 238U(α, f ) fusion-fission reaction, in coincidence with the
detection of both fragments. For 109,111Ru, both the negative-parity (h11/2 orbitals) and K = 5/2 positive-parity
(mainly g7/2 and d5/2 orbitals) bands were extended to substantially higher spin and excitation energy than known
previously. The ground-state and γ -vibrational bands of 110,112Ru also were extended to higher spin, allowing
observation of the second band crossing at the rotational frequency of ≈450 keV in 112Ru, which is ≈50 keV
above the first band crossing. At a similar rotational frequency, the first band crossing for the h11/2 band in 111Ru
was observed, which is absent in 109Ru. These band crossings most likely are caused by the alignment of the g9/2

proton pair. This early onset of the band crossing for the aligned πg9/2 orbitals may be evidence of a triaxial shape
transition from prolate to oblate occurring in 111Ru. The data together with a comparison of cranked shell-model
predictions are presented.
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I. INTRODUCTION

For neutron-rich A � 100 nuclei, the nuclear shape changes
rapidly as the valence nucleons fill the g9/2 proton and h11/2

neutron orbitals, which is manifest by such phenomena as the
sudden onset of quadrupole deformation in Sr-Zr isotopes, the
development of triaxial degrees of freedom in Mo-Ru isotopes,
and the predicted transition of a triaxial shape from prolate to
oblate in Ru-Pd isotopes. The ramifications on the nuclear
structure because of various shapes make these neutron-rich
nuclei an ideal testing ground for various theoretical models
[1–3]. For instance, the exact location where shape transitions
occur is very sensitive to the model assumptions. A prolate-to-
oblate shape transition for Pd isotopes is predicted to happen at
111Pd by the finite-range droplet model [1] and at 112Pd by the
relativistic mean-field theory [3]. Both calculations were made
for nuclei across the period table but the latter was applied only
to even-even nuclei. Calculations using the Nilsson-Strutinsky
method with the cranked Woods-Saxon average potential
and a monopole pairing residual interaction [2], which were
applied to even-even neutron-rich A ≈ 100 nuclei, predict
the transition occurring at 116Pd. Experimental verification
of this shape transition has important implications on our
understanding of the residual interactions in neutron-rich
nuclei. In this article, we discuss the experimental evidence
for a prolate-to-oblate shape transition in neutron-rich Ru
isotopes resulting from the study of the γ -ray spectroscopy
of fission fragments. The preliminary results of this shape
transition in Ru-Pd isotopes have been presented in our earlier
publications [4,5].

To distinguish a prolate from an oblate quadrupole defor-
mation, one needs to measure the sign of the static quadrupole

moment for the state of interest. Typically, this can be
accomplished using the Coulomb excitation technique. For
example, a prolate-to-oblate shape transition was identified
in 192Os-194Pt isotones by measuring both the magnitude and
sign of static quadrupole moments for their first 2+ states using
Coulomb excitation [6–8]. This shape transition was predicted
by Kumar and Baranger from solving Bohr’s Hamiltonian
using the pairing-plus-quadrupole model [9–11]. However,
this experimental technique is difficult to apply for nuclei
away from the valley of β stability such as neutron-rich Ru-Pd
isotopes. An alternative approach is to recognize processes
that may yield a distinct signature to differentiate between
two shapes. In this work, we explore one such opportunity to
address possible evidence of a triaxial shape transition from
prolate to oblate in neutron-rich Ru isotopes by studying the
band-crossing phenomenon, which is sensitive to the interplay
between the single-particle and shape degrees of freedom.

II. EXPERIMENT

The neutron-rich Ru isotopes were produced as fission
fragments by the 238U(α, f ) fusion-fission reaction. The
experiment was carried out at the 88-inch cyclotron facility of
the Lawrence Berkeley National Laboratory by bombarding a
≈300 µg/cm2 238U target on a ≈30 µg/cm2 carbon backing
with an α beam at Elab = 30 MeV. Fission fragments were
detected by the Rochester 4π , highly segmented heavy-ion
detector array, CHICO [12,13], in coincidence with the
detection of deexcitation γ rays using Gammasphere. This
particle detector has a geometric coverage for scattering angles
from 12◦ to 85◦ and 95◦ to 168◦ relative to the beam axis
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FIG. 1. Doppler-shift corrected prompt γ -ray spectrum derived from multiple double-gates placed on prompt transitions of the K = 5/2
positive-parity (mainly g7/2 and d5/2 orbitals) band in 109Ru (top) and the negative-parity (h11/2 orbitals) band in 111Ru (bottom).

and an azimuthal angle totaling 280◦ of 360◦. A valid event
required the detection of both fission fragments and at least
three coincident γ rays. Scattering angles of fission fragments
and the time-of-flight difference between two fragments were
recorded in addition to the γ -ray energies and coincident time.
A total of ≈6 × 108 p-p-γ -γ -γ fivefold or higher coincident
events were collected.

From the measured fission kinematics, one can deduce
masses and velocity vectors of both fragments assuming the
total kinetic energy is the same as that for 240Pu spontaneous
fission [14]. This assumption, that the prompt fission originates
from a Pu-like compound nucleus, was supported by the cross
correlation between the observed γ rays from partner fragment
pairs. The deduced mass spectrum of fission fragments has a
resolution about 12 mass units, which reflects a time resolution
of ≈500 ps in addition to the position resolution of ≈1◦
in polar angle and 4.6◦ in azimuthal angle. The achieved
resolutions are consistent with prior CHICO performance
[15–21].

Three or higher coincident γ rays with mass-gated events
were used to develop the level schemes of 109,110,111,112Ru.
The added selectivity, given by the mass gate, reduces the
“background” γ rays of nuclei that are not of current interest,
which enhances the ability to study nuclei produced with
low yield or having weak transition strengths. Doppler-shift
corrected γ -ray spectra, gated by the mass and known γ -ray

transitions in 109Ru and 111Ru, are shown in Fig. 1 The achieved
energy resolution is better than 1%, limited primarily by
the finite size of Ge detector. Because the origin of γ rays
from either fission fragment was established after the proper
Doppler-shift corrections were made, the γ -ray transitions
from partner fragments are Doppler broadened, making them
not visible in these spectra. The resultant spectra are clean and
straightforward to interpret.

III. RESULTS AND DISCUSSION

A. 109Ru and 111Ru

Comprehensive information on the spectroscopy of
109,111Ru was achieved only recently by experiments measur-
ing high-fold γ -ray transitions for fission fragments produced
by either 248Cm or 252Cf sealed fission sources [22–24]. Further
expansion of the level schemes of these nuclei to even higher
angular momentum and excitation energy was achieved in the
present work. The Kπ = 5/2+ band was extended from 19/2+
and 23/2+ to 33/2+ at 4750.4 keV and 35/2+ at 5168.4 keV
for 109Ru and 111Ru, respectively. The assignment for the
21/2+ state at 2274.0 keV in 109Ru [22] was not confirmed
by the present work. The Kπ = 5/2− band in 109Ru was
extended from 27/2− to 39/2− at 5804.1 keV, whereas the
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FIG. 2. Partial level scheme of
109Ru with energies labeled in kilo-
electron volts. The uncertainty on
the transition energies is ≈1 keV.

Kπ = 7/2− band in 111Ru was extended from 31/2− to 47/2−
at 7498.2 keV. Level schemes derived from this work are shown
in Figs. 2 and 3 for 109Ru and 111Ru, respectively.

For the negative-parity bands of 109,111Ru, the odd neutron
most probably occupies the subshell of h11/2 orbitals as has
been discussed in detail in Refs. [23,24]. The moments of
inertia versus rotational frequency are shown in Figs. 4 and 5
for 109Ru and 111Ru, respectively. They are very similar for the
two isotopes until the rotational frequency increases to above
≈450 keV, where a sudden upbend is observed for 111Ru but
not for 109Ru. Note that the band-crossing phenomenon in the

neutron-rich A � 100 nuclei is mainly caused by the alignment
of either the νh11/2 or πg9/2 orbitals. The blocking effect
plus the nonobservation of band crossing in 109Ru eliminates
the possibility of the νh11/2orbitals being responsible for the
observed upbend in 111Ru. The crossing frequency is more
sensitive to triaxial degrees of freedom for the πg9/2orbitals
compared to the νh11/2 orbitals [2]. Therefore, the observed
disparity in the moment-of-inertia plot may be related to
a triaxial shape transition from prolate to oblate between
109Ru and 111Ru, which causes an early onset of the band
crossing for the alignment of a pair g9/2 proton in 111Ru.
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FIG. 3. Partial level scheme of 111Ru with
energies labeled in kiloelectron volts. The un-
certainty on the transition energies is ≈1 keV.
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FIG. 6. Partial level scheme of 110Ru with energies labeled in kilo-
electron volts. The uncertainty on the transition energies is ≈1 keV.

For the positive-parity Kπ = 5/2+ band in 109,111Ru,
the underlying single-particle configuration may consist of
2d5/2, 1g7/2, 3s1/2, and 2d3/2 orbitals. However, the recent
calculations within the core-quasiparticle coupling model
[25] indicate that the dominate components (nearly 90% in
probability) for the wavefunction of the Kπ = 5/2+ bandhead
in 111Ru consist of 2d5/2 and 1g7/2 orbital components. The
signature inversion for the �I = 1 energy splitting between
the two signatures of this band was observed in 107Ru [26],
109Ru (this work), and 111Ru ( [24] and this work). This was
interpreted in Ref. [24] as the dominant component of the
underlying single-particle configuration changing from the
5/2+[402] subshell of the g7/2 origin, to the 5/2+[413] subshell
of the d5/2 origin at the 15/2+ state for 111Ru. However, the
same phenomenon observed in 107Ru was interpreted as being
because of triaxiality [26].

One striking observation in our study of the Kπ = 5/2+
band in 109,111Ru is the large amplitude of the energy splitting
seen in 109Ru does not occur in 111Ru for rotational frequencies
above 400 keV as shown in Figs. 4 and 5, where a band
crossing because of the aligned νh11/2 orbitals is possible.
Note that the amplitude of energy splitting is a measure of the
� = 1/2 component in the wave function. Our observation
implies that the � = 1/2 subshell is likely occupied in 109Ru
but not significantly in 111Ru. One possible scenario for this
happening is a shape transition from prolate to oblate between
109Ru and 111Ru, resulting in the arrangement of � subshells
being reversed.

The underlying single-particle configuration also can be
probed by the magnetic properties of these rotational bands,
such as the B(M1)/B(E2) ratios. They can be derived
experimentally from the γ -ray intensity ratios of the �I = 1
to �I = 2 transitions and can be calculated for any given
single-particle configuration under the assumption of a rotor. A
number of these relative γ -decay branching ratios for members
of both negative and positive-parity bands in 109Ru and 111Ru
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FIG. 7. Partial level scheme of 112Ru with energies labeled in kilo
electron volts. The uncertainty on the transition energies is ≈1 keV.

were measured in this work and are listed in Table I together
with the values from other work. The agreement with earlier
measurements is about a factor of 2; the reason for this poor
agreement is not clear. However, the current measurements
should be less likely to suffer from interferences from the
many competing fission products because they were derived
from the spectra gated by the feeding transitions.

The derived B(M1)/B(E2) ratios together with the calcu-
lated ones for various subshells for both negative and K = 5/2
positive-parity bands in 109,111Ru are listed in Table II. A
rotor is assumed for the model calculation with the gKderived
from Ref. [28], gR = 0.5Z/A ≈ 0.2 [29], and Q0 = 3.31 eb
(adapted from the neighboring even-even Ru isotopes [30])
for either a pure prolate (γ = 0◦) or a pure oblate (γ = −60◦)
shape. Note that this is a very crude estimation because there is
no γ degree of freedom introduced explicitly. No unambiguous
statement can be made for the underlying single-particle
configuration of those rotational bands by comparison between
the data and model calculations. However, a strong mixing
between 5/2+[413], of d5/2 origin, and 5/2+[402], of g7/2

origin, is suggested to explain the experimental data for the
positive-parity bands, which is consistent with the recent

TABLE I. Relative γ -ray intensities for transitions in 109Ru and
111Ru. The statistic error is quoted for the measured relative intensity
in this work and the systematic error could be up to 30% for the
weak branches.

Transition Eγ (keV) Relative intensity

This work Other worka

109Ru
13/2− → 9/2− 389.1 1.00 1.00

→ 11/2− 313.9 0.74(8) 1.61
17/2− → 13/2− 565.1 1.00 1.00

→ 15/2− 504.7 0.66(10) 0.54
9/2+ → 5/2+ 407.8 1.00 1.00

→ 7/2+ 222.7 0.72(6) 0.34
11/2+ → 7/2+ 472.5 1.00 1.00

→ 9/2+ 249.8 0.31(9) 0.55
13/2+ → 9/2+ 540.6 1.00 1.00

→ 11/2+ 290.8 0.14(1.3) 0.41

111Ru
13/2− → 9/2− 378.6 1.00 1.00

→ 11/2− 302.7 0.73(7) 0.95(5)
17/2− → 13/2− 532.2 1.00 1.00

→ 15/2− 477.9 0.93(9) 0.52(6)
9/2+ → 5/2+ 355.9 1.00 1.00

→ 7/2+ 205.7 0.88(10) 0.54(7)
11/2+ → 7/2+ 431.4 1.00 1.00

→ 9/2+ 225.7 0.29(4) 0.19(4)

aThe data for 109Ru and 111Ru are from Ref. [27] and Ref. [24],
respectively.

calculations [25]. For the negative-parity bands, the results
may not be a surprise because configuration mixing for the
h11/2 orbitals is expected because of the Coriolis interaction.

B. 110Ru and 112Ru

The high-spin structure of 110,112Ru has been studied
extensively using the γ -ray spectroscopy of fission fragments
produced by either 248Cm or 252Cf sources in a sealed or
open form [12,31–35]. In the present work, the ground-state
bands were extended to spin 22+at 8161.1 and 7751.4 keV for
110Ru and 112Ru, respectively. The γ -vibrational bands were
extended to spin 15+ at 5542.6 keV in 110Ru and to spin 19+
at 6799.9 keV in 112Ru. The deduced level schemes are shown
in Figs. 6 and 7 for 110Ru and112Ru, respectively.

As discussed in our earlier publications [4,5] and by
others [32,34], the first band crossing occurring at a rotational
frequency ≈400 keV was observed for 110Ru as well as 112Ru,
and most likely is attributed to the aligned νh11/2 orbitals.
A surprising observation from extending the level schemes
to higher angular momentum and excitation energy in the
present work, is the second band crossing occurring at the
rotational frequency ≈450 keV in 112Ru but not in 110Ru
as shown in Figs. 8 and 9, where the moments of inertia
vs. rotational frequency are plotted for 110Ru and 112Ru,
respectively. Note that this band crossing happens at nearly
identical frequency to that of the νh11/2 band in 111Ru and may
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TABLE II. Comparison of the B(M1)/B(E2) ratio between the experimental values derived from the present work and the calculated
ones using the rotational model with the single-particle configurations specified for both positive and negative states in 109Ru and 111Ru.
Pure M1 was assumed for the �I = 1 transitions. The model values for B(M1)/B(E2) ratios listed in the first row are calculated assuming
a prolate shape and the values for an oblate shape are listed in the second row.

Initial state B(M1)/B(E2)(µ2
N/e2 b2)

Experiment Calculation

109Ru 111Ru
Configuration

1/2−[550] 3/2−[541] 5/2−[532] 7/2−[523]

13/2− 0.148(15) 0.143(13) 0.073 0.308 0.695 1.45
0.00053 0.170 0.226 1.21

17/2− 0.207(31) 0.254(24) 0.071 0.290 0.607 1.08
0.00051 0.160 0.197 0.91

5/2+[413] 5/2+[402]

9/2+ 0.511(44) 0.403(44) 0.109 1.80
0.134 0.73

11/2+ 0.329(29) 0.267(33) 0.075 1.24
0.092 0.51

13/2+ 0.188(17) 0.064 1.05
0.079 0.43

also be related to the aligned πg9/2 orbitals in a triaxial shape
with an oblate deformation. This is very close to the nucleus,
110Ru, where this shape transition is predicted to occur by
the finite-range droplet model [1] and calculations using the
Nilsson-Strutinsky method [3] but is off from the nucleus,
108Ru, predicted by the relativistic mean-field theory [2].

To understand this complex band-crossing phenomena in
the framework of the cranked-shell model [36], we per-
formed calculations using a Woods-Saxon potential with the
quadrupole deformation β2 = 0.29 [30] and γ = −26◦ or

−34◦ for both quasineutrons and quasiprotons in 112Ru. The
results are shown in Figs. 10 and 11. The predicted crossing
frequency for the aligned νh11/2 orbitals, shown in Fig. 10,
is relatively insensitive to a prolate-to-oblate shape change
but is ≈100 keV lower than the observed value. As the triaxial
shape changes from prolate to oblate, a well-localized crossing,
which is about 50 keV higher than the observed value, is
predicted for the aligned πg9/2 orbitals as shown in Fig. 11.
The cranked-shell model description explains qualitatively the
observed band-crossing phenomena in these Ru isotopes.
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A 10+ band, with excitation energy at 3192.7 keV, was
tentatively identified up to spin 18+ at 6018.0 keV in 110Ru
[34]. The bandhead feeds the 8+ and 9+ states of the γ -
vibrational band and could be interpreted as the yrast 10+ state
with a crossing frequency similar to that of the ground-state
band. However, it was not observed in this experiment. The
continuation of the γ -vibrational band was extended to spin
15+ at 5542.6 keV in 110Ru and to spin 19+ at 6799.9 keV
in 112Ru from the current work. In the earlier studies [31,32]
of even-even neutron-rich Ru isotopes, the electromagnetic
properties of the γ -vibrational bands are well described by a
rigid triaxial rotor for lower-spin states and by the rotation-
vibration collective model for the higher-spin states. This
interpretation may be fortuitously supported by the observation
of nearly identical moments of inertia, for rotational frequency
below the first band crossing, between the ground-state and
the γ -vibrational bands for both 110Ru and 112Ru, which are
illustrated in Figs. 8 and 9, respectively. The consequence
of a weak pairing is the more likely explanation for this
observation. Further experimental and theoretical works are
needed to understand these intriguing phenomena.

IV. SUMMARY

The spectroscopy study of neutron-rich 109,110,111,112Ru
has been carried out using prompt γ rays emitted from
fission fragments, produced by the 238U(α, f ) fusion-fission
reaction. Level schemes were extended to much higher angular
momentum and excitation energy than previously known,

especially for 109Ru and 111Ru, because of the much greater
selectivity and sensitivity of the γ -fission-fragment coincident
technique. This extension allowed observation of a complex
band-crossing phenomenon in these neutron-rich Ru isotopes.
A low crossing frequency for the aligned πg9/2 orbitals is the
most likely reason for the second band crossing observed in
112Ru as well as the band crossing observed for the νh11/2

band in 111Ru. The occupancy level of the � = 1/2 subshell
may explain a significant difference of the energy splitting
for the positive-parity band at rotational frequencies above
400 keV, between 109Ru and 111Ru. All these can be interpreted
consistently as because of a possible triaxial shape transition
from prolate to oblate occurring in 111Ru. This complex
band-crossing phenomenon also is elucidated qualitatively by
the cranked-shell-model calculations. However, the definite
answer for this prolate to oblate transition has to be derived
from the measurement of static quadrupole moments using
Coulomb excitation. Further study also is needed to understand
the electromagnetic properties of the γ -vibrational bands in
110Ru and 112Ru, which have many characteristics of a triaxial
rigid rotor even though they are believed to be γ -soft nuclei.
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